We present the demonstration of high gradient (370 MeV/m) laser acceleration and deflection of sub-relativistic electrons with silicon dual pillar grating structures using both evanescent inverse Smith-Purcell modes and coupled cosh-like modes.
Introduction
Dielectric laser accelerators (DLAs) can leverage the high breakdown thresholds of dielectrics and achieve accelerating gradients one to two orders of magnitude higher than conventional radio frequency (RF) accelerators. Recently, accelerating gradients of up to 300 MeV/m were achieved at relativistic energies with fused silica dual grating structures [1] . At sub-relativistic energies, accelerating gradients of 25 MeV/m and 220 MeV/m have been demonstrated with inverse Smith-Purcell fused silica and silicon single gratings, respectively [2, 3] . Silicon is an attractive alternative to SiO2 for DLA applications because of its high refractive index for efficient optical coupling to sub-relativistic and relativistic electrons, good thermal and electrical conductivity, and advanced technological infrastructure. We present the demonstration of high gradient (over 370 MeV/m) acceleration and deflection of electrons with silicon dual pillar accelerator structures. Additionally, we show for the first time to the best of our knowledge evidence of a non-inverse Smith-Purcell optical grating accelerating mode at sub-relativistic energies [4] . Figure 1 shows the silicon dual pillar devices used in this experiment and the experimental setup. Sub-relativistic 86.5keV or 96.3keV electrons from a custom thermionic cathode scanning electron microscope traverse the silicon structures as they are illuminated from one side by a Ti:Sapphire laser at 870nm or 907nm. The dual pillar devices deflect electrons up to 10 mrad in the ±Y directions. Electrons at intermediate deflection angles are also accelerated or decelerated. Electrons must experience a minimum -Y deflection gradient to enter the spectrometer and a minimum accelerating gradient to be detected by the CMOS camera and not be blocked by the knife edge. Electrons from a custom scanning electron microscope traverse the dual pillar structure, which is illuminated normally by a linearly polarized laser pulse at a slight angle to the wafer for beam clearance. Electrons that are deflected in the -Y direction by the DLA through the spectrometer entrance aperture are imaged by the CMOS camera if they were accelerated.
Experiment
The pillar gratings are fabricated from 5-10 ohm-cm phosphorus doped silicon. The pillars are slightly elliptical in shape, written via electron beam lithography using a JEOL EBX-6300, and etched to 1.2 μm tall using reactive ion etching. The laser illumination on the dual pillar structure produces evanescent near-field modes inside the dual pillar gap. In the case of the inverse-Smith Purcell mode dual pillar structure (Figure 2 a,c,e,f) , the coupling of the laser light to the far grating is minimal, resulting in a simple exponentially decaying field across the channel. The resulting electron distribution in acceleration-deflection space is similar to the single grating mode [3] . For the cosh-like mode structure (Figure 2 b,d,g,h) , the evanescent modes of both pillar rows are excited, producing a coshlike mode from the superposition of both evanescent grating modes. This produces a region in the accelerator channel with near-zero deflection, producing a much more uniform accelerated electron distribution. Furthermore, this cosh-like mode produces a strong shoulder around 1keV energy gain (Figure 2h) , that results from the gradient in this uniform part of the mode. The cosh-like mode then has an evanescent tail from electrons that travel near the grating walls [4] . We observe maximum energy gains of 2.05±0.02 keV and 1.95±0.02 keV for the evanescent and cosh mode gratings, respectively, corresponding to acceleration gradients of 370±40 MeV/m over 5.6±0.5 μm interaction length and 376 ±40 MeV/m over 5.4±0.5 μm interaction length. Our experimental maximum acceleration field ratios G acc /E inc were determined to be 0.35±0.04 and 0.42±0.04 for the evanescent and cosh grating modes, respectively. The shoulder on the cosh mode experiment extended to approximately 1.05±0.05 keV energy gain, corresponding to gradient of up to 196±20 MeV/m. This corresponded to a field ratio of 0.22±0.02.
We have demonstrated 370 MeV/m acceleration and deflection of sub-100keV electrons with silicon dual pillar accelerator structures in two modes. We have demonstrated an evanescent inverse Smith-Purcell accelerator and a single side driven cosh-mode accelerator structure that produces more uniform acceleration. The dual pillar architecture is an intrinsically monolithic platform that lends itself well to large scale integration with waveguides and fiber optic laser systems. Single stage DLAs could be used for optical streak cameras or attosecond manipulation of electrons for ultrafast electron diffraction and microscopy experiments. Cascaded multi-stage DLA devices could be used for compact laser driven free electron lasers, radiation therapy devices, or high energy physics experiments.
